Background and objectives Vascular calcification is associated with increased cardiovascular mortality in chronic hemodialysis patients. This prospective study investigated the relationship between serum osteoprotegerin, receptor activator of NF-kB ligand, inflammatory markers, and progression of coronary artery calcification score.
Introduction
Vascular calcification (VC) is associated with increased cardiovascular morbidity and mortality in chronic hemodialysis (HD) patients (1) (2) (3) . Disordered mineral metabolism was implicated as the major culprit for the development of VC. However, recent studies have suggested that the calcification process is an active process in which osteoblast-like cells that transdifferentiated from vascular smooth muscle cells play major active roles (4, 5) . Newly discovered molecules such as osteoprotegerin (OPG) and receptor activator of NF-kB ligand (RANKL) are considered to be the main regulators of this active process (6) (7) (8) . OPG, belonging to the TNF receptor superfamily, functions as a soluble decoy receptor that binds to RANKL and inhibits osteoclastogenesis and osteoclast activation (7) . OPG and RANKL have opposing effects on bone resorption, and the OPG/RANKL ratio may be considered to be the major determinant of bone mass and turnover (9) . Indeed, high OPG/RANKL ratio may represent a state of low bone turnover, which is known to be related to progression of VC.
Several epidemiologic studies strongly suggested that elevated levels of OPG are associated with increased cardiovascular risk and mortality in both the nonuremic (8, (10) (11) (12) and uremic population (13) . In cross-sectional observational studies, it was reported that high-serum OPG levels were associated with increased coronary artery calcification score (CACS) in patients with CKD (14) (15) (16) . In two similar studies performed on renal transplant recipients, findings suggested a possible role of serum OPG on the progression of VC (17, 18) . However, prospective and longitudinal studies investigating the effects of OPG/RANKL axis on progression of VC are scarce in the literature. In a prospective study by Nitta et al. (19) , serum OPG levels were correlated with progression of aortic calcification in a small number of HD patients. Low levels of RANKL were revealed to be associated with increased cardiovascular risk in studies performed on patients with ischemic heart disease (20, 21) , but a direct role of serum RANKL on VC has not been reported.
In this prospective study performed on HD patients, we aimed to investigate the relationship between serum OPG, RANKL, inflammatory markers, bone mineral density (BMD), and progression of CACS.
Materials and Methods
Seventy-eight HD patients (38 male and 40 female; mean age=52614.5 years) were used in this study; 42 healthy volunteers (20 male and 22 female; mean age=5468 years) and 44 CKD stage 4 patients (23 male and 21 female; mean age=56613 years) as control groups were enrolled. There was no difference in age and gender distribution among the study groups.
Control groups were evaluated in terms of serum OPG, RANKL, and OPG/RANKL ratio.
Mean time on dialysis was 53 (23-96) months. All patients have been receiving dialysis more than 6 months. Information on age, sex, weight, duration of HD treatment, and the etiology of CKD was gathered by review of medical records.
In the HD study group, patients received dialysis three times per week for a 4-h period with a standard bicarbonatecontaining dialysate bath using biocompatible HD membrane (Polysulphone, FX-80 series; Fresenius, Germany). Blood flow rates ranged from 350 to 400 ml/min, whereas dialysate flow rate was kept constant at 500 ml/min. Adequacy of dialysis received was calculated with double-pool Kt/V, and Kt/V$1.4 was considered as the target. All patients were on calcium-based phosphate binder treatment as needed according to Kidney Disease Outcomes Quality Initiative guidelines. Aluminum hydroxide was used as a rescue treatment for short period.
Etiology of CKD included hypertension in 20 patients, diabetes mellitus in 10 patients, tubulointerstitial nephritis in 9 patients, glomerulonephritis in 4 patients, others in 11 patients, and unknown in 24 patients.
All biochemical blood samples were collected before the midweek HD session. Laboratory values including complete blood cell counts, and serum levels of urea nitrogen, creatinine, electrolytes, calcium, phosphorus, total protein, albumin, total cholesterol, triglycerides, and intact parathyroid hormone (PTH) were measured. Serum IL-1b (Invitrogen, CA) and TNF-a (Invitrogen, CA) were analyzed only at baseline. Serum OPG (BioVendor-Laboratorni Medicina, Brno, Czech Republic), RANKL (BioVendorLaboratorni Medicina, Brno, Czech Republic), fetuin A (BioVendor-Laboratorni Medicina, Brno, Czech Republic), bone alkaline phosphatase (BAP; Immundiagnostic Systems, Bensheim, Germany), and IL-6 (Invitrogen, CA) concentrations were determined two times at least 1 year apart. These parameters were analyzed with ELISA.
Computed Tomography Examination
CACS was measured two times with a 1-year interval by computed tomography. A scan run consisted of acquisition of 40 contiguous transverse two-dimensional images of 3-mm-thick sections at the level above the coronary artery origins to the cardiac apex. Exposure duration was 0.1 s per tomographic level, and other parameters were 130 kVp and 630 mA. Images were acquired with electrocardiogram triggering at 71% of the R-R interval during diastole and were obtained using a 26-cm 2 field of view and a 5123512 reconstruction matrix. Contrast agents were not used. A calcification was defined as a minimum of two adjacent pixels (.0.52 mm 2 ) with a density over 130 Hounsfield units. The peak intensity (in Hounsfield units) and area (in square millimeters) of the individual calcifications were calculated. As described in the work by Agatston et al. (22) , calcium scores were obtained by multiplying each area of interest by a factor indicating peak density within the individual area. Image quality and scoring accuracy were assessed by one radiologist, who carefully made vessel by vessel and calcific focus by calcific focus inspections of each image. The radiologist was blinded to the clinical and laboratory results of the patients.
BMD Examination
BMD measurements were performed with a standard dual-energy x-ray absorptiometry. To avoid the potential interfering effects of aortic calcificaton on BMD measurements, only femur scores were evaluated. Patients with t scores less than 22.5 were considered to have low BMD.
Our examinations of the patients conformed to good medical and laboratory practices and the recommendations of the Declaration of Helsinki on Biomedical Research Involving Human Subjects. This study was approved by the Ethical Committee of Istanbul School of Medicine.
Statistical Analyses
For statistical analyses, we used the Statistical Package for Social Sciences version 16.0 (SPSS Inc, Chicago, IL). Between-group comparisons of continuous data for two groups were performed using the t test or Mann-Whitney U test when appropriate. The chi-squared test with Yates correction and Fisher exact test were used for 232 contingency tables for non-numerical data when appropriate. Correlations between numerical parameters with non-normal distribution were analyzed with Spearman's r correlation test. To predict the CACS progression, linear regression analysis with backward likelihood ratio elimination was performed, and age, time on dialysis, serum phosphorus and calcium phosphorus products, baseline CACS, ΔOPG, ΔRANKL, and serum albumin levels were included as independent variables. Results are expressed as mean 6 SD, and median (interquartile range) was used for the variables that are not normally distributed. All tests of significance were two-sided, and differences were considered statistically significant when the P value was ,0.05.
Results
The mean serum OPG level of HD patients (15.1168.50 pmol/L) was significantly higher than mean serum OPG levels in both CKD stage 4 patients (9.3364.29 pmol/L, P,0.001)) and healthy controls (5.8261.39 pmol/L, P,0.001). Serum OPG levels in HD patients were also significantly higher than in patients with stage 4 CKD (P=0. . However, no difference was found between patients with CKD and controls. The mean serum OPG/RANKL ratio of HD patients was also significantly higher than in both patients with CKD and healthy controls. Comparison results of the control and patient groups are presented in Table 1 .
Patients with increase of CACS more than 10% and 50 units were classified as the progressive group (PG). According to these criteria, 39 patients (50%) were in the PG group. Comparison of PG and nonprogressive group (NPG) in terms of baseline laboratory results is given in Table 2 .
Age was significantly higher in the PG group compared with the NPG group (56613 versus 48615 years, P=0.02). Routine biochemical analysis was similar in both groups. Serum IL-1b, IL-6, TNF-a, and high-sensitivity (hs)-C-reactive protein (CRP) were also similar between the groups. Baseline and first-year serum levels of BAP, fetuin-A, and RANKL were similar between the groups ( (Figure 1) .
Serum OPG levels were significantly correlated with CACS at baseline (r=0.36, P=0.001) and 1 year (r=0.36, P=0.001). Serum OPG levels were significantly correlated with age (r=0.69, P,0.001) and duration of dialysis (r=0.28, P=0.01) and negatively correlated with serum albumin levels (r=20.31, P=0.01). Similar to baseline correlations, serum 1-year OPG levels were also significantly correlated with age (r=0.52, P,0.001) and duration of dialysis (r=0.31, P=0.01) and negatively correlated with serum albumin levels (r=20.37, P=0.001). However, no association was found between serum OPG levels and inflammatory markers such as serum hs-CRP, IL-1b, IL-6, and TNF-a concentrations. More importantly, progression of CACS (ΔCACS) significantly correlated with OPG baseline (r=0.27, P=0.01) and ΔOPG levels (r=0.39, P=0.001) (Figure 2 ). When patients were grouped according to age (,40 and $40 years), ΔOPG levels were significantly associated with progression of CACS in younger patients (n=17, r=0.64, P=0.01). Serum RANKL levels were significantly inversely associated with CACS at baseline (r=20.29, P=0.01) (Figure 3) . However, there was no correlation between changes in CACS and RANKL baseline, RANKL at 1 year, and changes in RANKL.
Ratio of serum OPG/RANKL was calculated as an indicator of bone turnover. The patients were divided into two Twenty-nine patients (37%) according to femur T score have low BMD. Patients with low BMD were older (57616 versus 49613 years, P=0.01). Body mass index (2363.13 versus 24.9663.98 kg/m 2 , P=0.02) and serum albumin (3.8160.30 versus 3.9960.27 g/dl, P=0.01) levels were significantly lower in the low BMD group. Serum OPG levels were higher in the low BMD group compared with the other group (18.7769.55 versus 12.9167.04 pmol/L, P=0.01). BMD measurements were not significantly different between PG and NPG. Femur T scores were significantly correlated with age (r=20.37, P=0.001) and serum OPG levels (r=20.41, P,0.001). These correlations were stronger in the PG group for serum OPG levels (with femur T score; r=20.54, P,0.001) (Figure 4 ). However, there was no significant difference in RANKL, baseline CACS, and DCACS in patients with low BMD compared with the other group.
Baseline CACS was positively correlated with age (r=0.45, P,0.001), Ca 3 P product (r=0.24, P=0.03), and serum TNF-a levels (r=0.24, P=0.03). In PG, there was a stronger association between baseline CACS and serum TNF-a levels (r=0.30, P=0.05). Baseline CACS was also associated with ΔCACS (r=0.45, P,0.001). No significant relationship was found between CACS and serum fetuin-A, BAP, IL-6, and IL-1b.
In linear regression analysis with backward likelihood ratio elimination for predicting ΔCACS, age, time on dialysis, serum phosphorus and calcium phosphorus products, albumin, baseline CACS, ΔOPG, and ΔRANKL were included as independent variables. Only baseline CACS and ΔOPG were retained as significant in the model (Table 4) . Interaction analysis of age on change in CACS was performed, and no significant interaction was found (P=0.66).
Discussion
Vascular calcification is common in chronic HD patients and associated with increased cardiovascular mortality  (1-3) . Recently, OPG/RANKL axis has been implicated in the pathogenesis of VC, endothelial dysfunction, and atherosclerosis (23, 24) . OPG and RANKL play important roles in formation and regulation of osteoclasts and osteoblasts (7, 25) . OPG and RANKL have opposing roles; RANKL increases the number of active osteoclasts, thus increasing bone resorption, whereas OPG, which neutralizes RANKL, also decreases bone resorption. Thus, the OPG/RANKL ratio might be considered to be the major determinant of bone mass and turnover (9) . Indeed, high OPG/RANKL ratio may represent a state of low bone turnover. In chronic HD patients with adynamic bone disease, additional inhibition of bone resorption by means of high serum OPG levels results in the inability of accumulation of calcium and phosphorus in the bone followed by metastatic calcification of vascular tree and thus, progression of VC. This theory elucidates the importance of the OPG/RANKL axis in close association between bone and cardiovascular disease in CKD patients. In the bone histomorphometry study by Barreto et al. (26) , the OPG/RANKL ratio was found to be an independent determinant of trabecular bone volume in HD patients. Moreover, OPG/RANKL ratio might be associated with adynamic bone disease, which was evidenced by a trend to a negative correlation between OPG/RANKL ratio and the eroded surface. Also in our study, the consideration that the OPG/RANKL ratio reflects a state of low bone turnover was supported by the finding that this ratio was found to be significantly higher in the low BAP and low PTH groups, which are known to represent bone disease with low turnover.
Serum OPG levels were reported to be associated with VC and cardiovascular events. In the study of Anand et al. (27) , 510 diabetic patients had CAC scans and were followed over a period of 1865 months. OPG levels were associated with VC and future cardiovascular events during the follow-up. Similar findings have been reported also in other cross-sectional and observational studies on HD patients (14, 15) . Additionally, the work by Moreno et al. (16) showed that, among all risk factors examined, serum OPG level is the strongest predictor of CAC, and values of OPG.757.7 pg/ml (equivalent to 6.31 pmol/L) may predict the presence of CAC in CKD patients. Prospective and longitudinal studies investigating the effects of OPG/ RANKL axis on the progression of VC are scarce in the literature. In the prospective study by Nitta et al. (19) , aortic calcification index was examined two times in 26 HD patients. Rapid progression of VC was found to be associated with serum OPG concentration, which was consistent with our study results. In a very recent study performed on 47 HD patients, CACS and serum OPG levels were assessed at baseline and after 30 months (28) . In this study, ΔCACS was found to be correlated with age, dialysis vintage, carotid intimamedia thickness, and baseline serum OPG levels. Similar to this study, we examined serum OPG together with RANKL and CACS measurements two times with a 1-year interval and observed that the increase in serum OPG levels was significantly correlated with progression of CACS. Change in serum OPG concentration might be important in the followup of HD patients and might predict CAC progression.
Baseline level of vascular calcification has been proven to be one of the most important determinants of the progression of vascular calcification. In the study by Block et al. (29) , evidence of coronary artery calcification at baseline showed a significant increase in CACS within 6 months of starting dialysis, despite control of laboratory parameters of mineral metabolism. In another study by Sigrist et al.
(30), patients with vascular calcification of the superficial femoral artery at baseline exhibited significantly increased calcification over 24 months. Consistent with these studies, baseline CACS was also confirmed to be a significant factor predicting the progression of CACS in the present study.
Clinical significance of the CACS progression has been reported in a number of studies in nonuremic population as higher cardiac event rates in patients with CACS progression during follow-up (31, 32) . However, outcome studies about the CACS progression are very scarce in the CKD population. The work by Sigrist et al. (30) reported that every 10 units of CACS progression were associated with a 3% increase in mortality per year in CKD patients.
In several studies, serum OPG concentrations were found to be associated with inflammatory markers (13, 33, 34) . In the study by Morena et al. (13) , OPG levels were the strongest predictors of all-cause mortality in HD patients, particularly in patients who had high CRP levels. Role of inflammation in the pathogenesis of VC has been reported previously. In a study by Tintut et al. (35) , TNF-a was shown to enhance in vitro VC by promoting osteoblastic differentiation of vascular cells. However, in our study, no association was found between serum OPG levels and inflammation markers, such as serum hs-CRP, IL-1b, IL-6, and TNF-a concentrations. However, baseline CACS was positively correlated with serum TNF-a levels. Inflammation might be related to VC, but OPG might not be the link in this association. The role of serum RANKL concentrations in VC and cardiovascular disease pathogenesis is still unclear. RANKL has been reported to be related to cardiovascular events in several studies (20, 21, 36) . However, there is no data in the literature about the direct relationship between serum RANKL levels and CACS except a recent study performed on Framingham Study participants. In this study, serum RANKL concentrations were not related to CACS (37) . In contrast to this study, we have found a significant negative correlation between serum RANKL values and CACS. Changes in bone metabolism in HD patients are much more prominent than in the nonuremic population. Recent bone histomorphometry and arterial calcification studies showed that there is a clear link between bone metabolism and arterial (coronary or aortic) calcification in HD patients (38) . However, this link may not be very prominent in the nonuremic population, and it may explain the lack of association between RANKL and CACS in nonuremic patients. Regarding this finding, RANKL may be considered to have an important role in the pathogenesis of VC similar to OPG but in the opposite direction in HD patients.
One of the limitations of the study was that the time interval between the CACS measurements may be short, and a longer follow-up period would have yielded more informative data in terms of progression of CACS. However, similarly to the present study, previous reports also showed significant progression of vascular calcification in CKD patients at 1 year (29, 30) .
In conclusion, baseline CACS and serum OPG levels were significantly associated with progression of CACS. The OPG/RANKL axis might be considered to be the link between bone and cardiovascular disease in HD patients. To investigate the association of OPG/RANKL ratio with bone turnover in HD patients, there is need for additional studies with bone biopsies.
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